To investigate the isotope effects on the photodesorption processes of X 2 O (X = H,D) ice, molecular dynamics calculations have been performed on the ultraviolet photodissociation of an H 2 O or a D 2 O molecule in an H 2 O or a D 2 O amorphous ice surface, and on HOD photodissociation in an H 2 O amorphous ice surface, where the photodissociated molecules were located in the top four or five monolayers at ice temperatures of 10, 20, 30, 60, and 90 K. Three photodesorption processes can occur upon X 2 O photodissociation: X atom photodesorption, OX radical photodesorption, and X 2 O (or HOD) molecule photodesorption. X 2 O (or HOD) photodesorption can occur after recombination of X and OX, or after an energetic X atom photofragment kicks a surrounding X 2 O molecule from the ice surface. Isotope effects are observed for the X atom and the OX radical photodesorption as well as for the kick-out photodesorption. However, no isotope effects were noticeable for the photodesorption of recombined X 2 O molecules. The average D atom photodesorption probabilities are about a factor 0.9 smaller than those for the H atom, regardless of the isotope of the surrounding ice system. Also, the kick-out mechanism is more likely to occur if a D photofragment is created upon dissociation than if an H atom is created. These observations can be explained by more efficient energy transfer from the D atom to water molecules than from the H atom. Reasoning based on the X 2 O phonon frequencies associated with the librational modes and energy transfer efficiencies explain why the OX radical photodesorption probabilities are noticeably larger if the OX radical desorbs from a D 2 O ice system than from an H 2 O ice system. Also, the OX radical photodesorption is more probable upon dissociation of DOX (X = H,D) than upon dissociation of HOX (X = H,D), because the initial kinetic energy of the OX radical is larger if the dissociation products are D + OX than H + OX. The branching ratio of OD OH desorption following photodissociation of an HOD molecule in ice (about 1.0) is much lower than the OD OH branching ratio in gas-phase HOD photodissociation. This may lead to differences in isotope fractionation in OH(g) formation in dense and diffuse clouds in the interstellar medium.
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I. INTRODUCTION
In the interstellar medium (ISM), sub-micron sized dust particles are covered with icy mantles. The ice mainly consists of H 2 O and of other organic molecules, such as CO, CH 3 O, and NH 3 , among others. 1, 2 The abundance of gaseous water in the ISM cannot be explained by merely gaseous formation or thermal desorption of H 2 O from ice surfaces. [3] [4] [5] A non-thermal desorption mechanism which could explain the observed abundance of gaseous water in the ISM is initiated by ultraviolet (UV) photolysis. 3, 6 Irradiation of UV photons can photo-excite the water molecules present in ice mantles and cause dissociation into H and OH, which can lead to photodesorption of the fragments or desorption of the recombined H 2 O molecule. H 2 O can also desorb from ice through the kick of an energetic H atom that transfers its momentum to a surrounding water molecule. [6] [7] [8] Atomic hydrogen and OH radicals formed upon dissociation of H 2 O can travel in the ice and react with small organic molecules (e.g., CO), 9 and these reactions may lead to the formation of more complex organic molecules (e.g., CH 3 CHO). The abundance of heavy radicals, such as HCO and CH 3 O, in the icy mantles is predominantly a result of H 2 O photodissociation. 10, 11 UV photon fluxes are estimated to be 1 photon per dust particle per day. 12 Thus, one single photon excitation process of H 2 O is likely to be completed before the next photon arrives at the ice surface.
Isotope effects regarding the photo-chemistry of H 2 O have been studied theoretically [12] [13] [14] [15] [16] and experimentally. 3, [17] [18] [19] [20] Absorption cross sections of gas-phase H 2 O, 14, 15, 21 D 2 O, 14, 15 and HOD 13, 15, 16 have been calculated for the rovibrational ground state and for rovibrationally excited states, and have also been measured experimentally for gas-phase H 2 O, [18] [19] [20] D 2 O, 18, 19 and HOD. 18, 22 Moreover, in other experiments the photon-induced 22 dissociation and ion-induced 23 dissociation processes of gas-phase HOD have been studied, and the branching ratios, which depend on laser frequency, 16, 22, 24 have been provided. Zhang et al. 16 and Engel et al. 13 both predicted that the There are also laboratory experiments regarding UV photodissociation of H 2 O and D 2 O ice where the ice sample is irradiated by multi-photon sources at excitation energies close to the Ly-α value.
3, 27-29 Therefore, in these experiments X 2 O (X = H,D) molecules could be excited to higher electronic states, which allows the formation and consequently the desorption of species such as X 2 , O 2 , and X 2 O 2 . However, in the previous MD simulations, 6, 7, 12, 25, 26 only excitation to the first electronically excited state was considered.
In a different kind of experiment, Hundt et al. 30 = 10, 20, 30, 60 , and 90 K. Some of these results were taken from previous MD simulations by Arasa et al. 12 Also, MD simulations for HOD* in an H 2 O amorphous ice system have been performed. This paper is set up as follows. In Sec. II the method for the MD calculations is described, in Sec. III the results are shown, and in Sec. IV the conclusions are presented.
II. METHOD
MD calculations were carried out to investigate the isotope effects on the photodesorption processes of an X 2 O ice system. A description of the potentials that were used during the dynamics is given in Sec. II A, and a description of the ice system is given in Sec. II B. Finally, details on the dynamics method are provided in Sec. II C.
A. Potentials
In order to carry out the MD calculations, a good description of all the interactions is necessary. In particular, we have used analytical pair potentials and the total Potential Energy Surface (PES) can be written as
The first term of Eq. (1) The third term, V X 2 O * , represents the intramolecular interactions in the excited X 2 O molecule, and is given by the gas-phase H 2 O Dobbyn-Knowles (DK) PES. 15, 33, 34 For the dynamics of D 2 O and HOD photodissociation the same PESs were used, but with appropriate masses in each case. All the potentials and the corresponding switching functions used in this study are the same as the ones used for H 2 O and D 2 O ice photodissociation calculations. Details on these potentials and the switching functions between the potentials can be found in Refs. 6 and 26.
B. Description of amorphous ice
The H 2 O and D 2 O amorphous ice systems have been set up at T ice = 10, 20, 30, 60, and 90 K using the same procedures as those used in our previous studies. 6, 7, 12, 25, 26 For more details we refer to Refs. 6, 7, 25, and 26.
C. Dynamics
For each molecule in the top four monolayers (MLs) of the ice, 200 different initial configurations were generated for the dynamics calculations. Six photodissociation scenarios have been considered at T ice = 10, 20, 30 , 60, and 90 K: set up for HOD depending on whether the OH or the OD bond is associated with the Jacobi coordinate r. For reasons of convenience we consistently modeled the dissociation reaction where an ABC molecule dissociates into fragments A and BC. Thus, Wigner distributions were computed for both the "HOD" molecule and the "DOH" molecule. If the dynamics lead to the ABC → AB + C dissociation reaction (e.g., HOD → OH + D), the trajectory was stopped and not taken into account for the discussion of desorption processes. These trajectories were taken into account to compute the branching ratio of the HOD photodissociation reaction.
Newton's equations of motion are integrated in time using a leapfrog algorithm with a time step of 0.02 fs and a maximum time of 20 ps to simulate the photodissociation dynamics. The outcome channels of the photodissociation dynamics of X 2 O (X = H,D) in H 2 O or D 2 O ice are (1) X atom desorption while the OX radical remains trapped in the ice or on the ice surface, (2) OX radical desorption while the X atom remains trapped in the ice or on the ice surface, (3) X atom and OX radical desorption, (4) trapping of both the X atom and the OX radical, (5) recombination of the X atom and the OX radical to form X 2 O which desorbs or (6) remains trapped. The outcome channels for the dissociation dynamics of HOD in H 2 O ice are the same as for the dissociation dynamics of X 2 O in H 2 O or D 2 O ice, with the remark that the recombination of the X atom and the OX radical lead to formation of HOD instead of X 2 O. An outcome channel which may exist independently of the outcome channels 1-6 is the desorption of an X 2 O molecule upon a collision with an X atom photofragment. This is called the "kick-out" mechanism. The criteria used to end trajectories are the same as for previous H 2 O and D 2 O ice photodissociation MD studies. 6, 7, 12, 25, 26 For each X 2 O molecule selected to be excited, 200 initial condition were generated to study the photodissociation dynamics in both H 2 O and D 2 O ices. Since a ML consists of 30 molecules and only excitation of X 2 O in the top four MLs is considered, 6000 trajectories are run per ML and 24 000 trajectories are run at each ice temperature per system. However, for every HOD molecule to be photodissociated, 300 initial conditions were generated if the Wigner distribution was set up for dissociation of HOD into H + OD, whereas 700 initial conditions were generated if the Wigner distribution was set up for dissociation of HOD into D + OH, because the branching ratio H+OD D+OH was calculated (see Fig. 3 in Ref. 13 and Fig. 3 in Ref. 16 ) to lie between 2 and 3 around the maximum of the absorption spectrum of gas-phase HOD. As a first approximation, we would expect roughly the same value for the branching ratio for the HOD ice photodissociation reaction computed by using MD simulations as for the branching ratio around the maximum of the absorption spectrum. The branching ratio implies that extra initial conditions must be generated to have proper statistics for the photodissociation calculations. The number of initial conditions was chosen such that at least 6000 trajectories were simulated for each ML. At 10 K, 500 initial conditions per molecule were selected for the dissociation dynamics of HOD into photofragments H and OD in H 2 O ice, because this number of trajectories was also used to evaluate the absorption spectrum of HOD.
III. RESULTS AND DISCUSSION
In this section we present results regarding the photodesorption events (i.e., X atom (Sec. III A), OX radical (Sec. III B), and X 2 O molecule (Sec. III C) photodesorption) that can occur following UV photodissociation of an X 2 O* molecule in X 2 O ice at different ice temperatures. In Sec. III D the photodesorption processes of HOD in H 2 O ice are discussed.
A. X(=H,D) atom photodesorption
The probabilities of the outcome channels after the photo-excitation of a single water molecule have been calculated for the initially excited molecule being located in the top four MLs of the ice, because previous reports have shown that excitation of these molecules may lead to photodesorption. 6, 25 The X(=H,D) atom photodesorption outcome channel is the most important desorption event (more details in Refs. 6, 7, and 26). Due to the weak interaction between X atom and the ice, 10 the X atom may also first accommodate and then desorb through thermal desorption. However, this cannot be described in our calculations due to the limited time scale of our simulations (t max = 20 ps).
The photodesorption probability (
, i = photodesorption event, and i is the standard error in the probability) of the X atom from an X 2 O ice system has been calculated for and averaged over the top four MLs at different ice temperatures, and is plotted in Fig. 1 for the first four dissociation scenarios presented previously in Sec. II C. The desorption of an X atom can be accompanied by either trapping of the OX radical or desorption of the OX radical (outcome channels 1 and 3, respectively), but these processes are not distinguished further here.
The H atom photodesorption probabilities are larger than those for D in the H 2 O and D 2 O amorphous ice systems ( 39, 40 states that the energy transfer from the X atom to a water molecule (which is assumed to be stationary initially) is dependent on the mass ratio of the two colliding objects, as follows:
with r being the fraction of the energy which is transferred during the collision, and α being the mass ratio of the colliding species. According to Eq. (2), which for our purposes is only used qualitatively, D atoms transfer their energies more easily to the surrounding molecules than H atoms do, since Fig. 1 it is noticeable that there are no striking differences between H atoms desorbing from H 2 O and D 2 O ice, and between D atoms desorbing from H 2 O and D 2 O ice, regarding the photodesorption probabilities for each ice temperature averaged over the top four MLs.
On average, a hydrogen atom desorbs from a D 2 O ice system with a probability of about 4.3% higher than a deuterium atom from an H 2 O ice system. This arises from differences in the probability of X atoms desorbing from MLs 2-4, as is illustrated in Fig. 2 Since photofragments formed deeper in the ice first have to travel from the bottom to the top of the ice surface to be able to desorb, the difference in the desorption probabilities can be explained by energy transfer in collisions of the photofragments with the molecules in the ice system. In agreement with this picture, the energy of the desorbed X atom is strongly influenced by the location of the initially excited molecule. The average energy of the desorbed H atoms from H 2 O molecules dissociated in the first ML of a D 2 O system is 2 eV. If the excited molecule is initially located in the fourth ML, the energy of the desorbed H atom is only 1.25 eV. The average energy of a D atom desorbed from an H 2 O ice system is 1.56 eV and 0.83 eV if dissociation takes place in the first and fourth ML, respectively.
The average distance traveled at 90 K by an H atom formed if H 2 O is dissociated in a D 2 O ice system is around 10.1 Å, the one traveled by D atoms formed upon D 2 O dissociation in an H 2 O ice system is about 7.6 Å, and the ones traveled by H and D atoms formed upon H 2 O and D 2 O photodissociation are 9.1Å and 8.4 Å, respectively. 12 The distance traveled by an X atom in X 2 O ice (d X/X 2 O ) can be summarized as follows:
This trend is fully consistent with the efficiency of the energy transfer that is expected on the basis of the mass ratio of the X atom and the stationary water molecules (Eq. (2)). Thus, the less the energy is transferred the larger the distance the X atom can travel in the ice.
The ice temperature does not greatly affect the average energy of the desorbed X atom or the average traveled distance of the X atom if trapping occurs. At the statistical accuracy of our calculations, the ice temperature also has no detectable influence on the X photodesorption probability because the translational energies with which X is formed (≈2.5 eV) following X 2 O photodissociation is more than 2 orders of magnitude larger than the thermal translational energies of X 2 O between 10 and 90 K, the averages of which are in the range 1.3-12 meV. 26 Therefore, the flow of energy is predominantly from the H-atoms to the X 2 O molecules, and the initial temperature (initial average kinetic energy) of the X 2 O molecules is not important. In contrast, the surface temperature has been observed to be highly relevant to experiments on sticking of hydrogen atoms to ice, because in this case the initial kinetic energies of the H atoms and of the X 2 O molecules usually are of equal order of magnitude and comparable to the binding energy of H to a H 2 O surface. For instance, Al-Halabi et al. investigated sticking of H-atoms to ice surfaces for initial H-kinetic energies in the range 100-600 K (9-52 meV) for surface temperatures in the range 10-70 K, corresponding to X 2 O molecules with average kinetic energies in the range 1.3-9.0 meV, 41 while the adsorption energy of an H-atom to an ice surface should be less than 30 meV.
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B. OX radical photodesorption
The OX radical photodesorption probability is the second most important photodesorption mechanism and is calculated by summing over the probabilities of two channels: the desorption of the OX radical if the X atom remains trapped, and the desorption of both the OX radical and the X atom. The OX photodesorption is also dependent on the initial location of the excited X 2 O molecule. In Table I we have summarized the OX radical photodesorption probabilities for the MLs where the excited X 2 O molecule is initially located, and it can be seen that the probability of an OX radical desorbing from the ice decreases with increasing depth, especially going from ML2 to ML3. The reason for this trend is that the deeper the initially photodissociated molecule is in the ice surface, the more likely it is that a resulting OX fragment that is moving upwards will encounter a X 2 O molecule on its way. Because the mass ratio of OX and X 2 O is almost equal to one, such an encounter usually causes OX to lose much of its energy, precluding desorption of OX. In our study the X 2 O molecules are binned in monolayers depending on their initial coordinate for motion perpendicular to the surface, and because we model an irregularly shaped, amorphous ice surface, it is possible that molecules assigned to ML2 have no X 2 O molecule right above them. However, going deeper into the ice this becomes progressively less likely, which explains the trend observed. The OH photodesorption probabilities from H 2 O ice and the OD photodesorption probabilities from D 2 O ice were already calculated earlier 12 for most of the ice temperatures considered. Here, the OH desorption probabilities from D 2 O ice and OD desorption probabilities from H 2 O ice have also been calculated. In Fig. 3 the photodesorption probabilities of OX averaged over the top four MLs are plotted for each investigated system. The photodesorption probabilities for OD desorbing from D 2 O ice are a factor of 2.7 larger than those for OH desorbing from H 2 O ice. However, the OH radical photodesorption probabilities from D 2 O ice and the OD radical photodesorption probabilities from H 2 O ice are very similar. Two effects can be responsible for these observations.
(1) The OD radicals have higher kinetic energies than the OH radicals do upon the initial D 2 O and H 2 O photodissociation, respectively, making it easier for OD radicals to move through the surface and finally desorb. In the gas-phase, where the X 2 O molecule is isolated, conservation of momentum and energy must be obeyed after dissociation; p OX + p X = 0, and E OX + E X = E, with E being the initial available energy; E = E exc − E diss (X 2 O), which is the difference between the excitation energy and the dissociation energy of X 2 O into X + OX. More specifically, the initial kinetic energy of the OX fragments E OX may be estimated from:
It is easy to see that, according to Eq. (3), for the same excitation energy E exc , E OD should be about a factor 1.8 larger than E OH , due to the difference in mass ratio. Here, we have not yet considered the role played by the final rotational and vibrational energy of the OX fragment. However, this should not change the conclusions much, for the following two reasons. First, due to a lack of translation-rotation coupling in the exit channel of the A-state water potential, the OX fragment is produced with little rotational energy. At the temperatures here considered, the X 2 O molecules will originally be in the ground state for the water bend vibration. Calculations on gas phase water photodissociation predict that under these conditions the rotational energy in the final OX fragment should amount to no more than 35 meV. 43 Second, although much more energy is released in the vibration of the OX fragment, the amounts of the average vibrational energy of the OX fragments differ only little for D 2 15 Correcting Eq. (3) for the vibrational energy loss to the OX fragment (by subtracting these numbers from E, where E can be taken equal to 3.2 eV (see Arasa et al. 12 and Ref. 53 therein)) leads to little change in the ratio E OD /E OH predicted by Eq. (3); if anything, the ratio should become a little bit larger. Applying this correction, Eq. (3) predicts that on average OD is released from D 2 O with an initial kinetic energy of 0.275 eV, while OH should be released from H 2 O with an initial kinetic energy of 0.147 eV. Furthermore, we note that although in an ice surface the excited molecule is not isolated but interacts with other water molecules during the MD calculations, the energy and momentum conservation laws can still be used to have an approximation of the initial kinetic energy of the photofragments.
(2) It is likely that the hyperthermal OX formed following photodissociation will lose its energy most easily to phonons of the surrounding ice lattice with frequencies close to its translational energy. These phonons are the librations. In H 2 O, the librations have considerably higher frequencies than in D 2 O, the highest observed frequency being 110 meV for H 2 O and 84 meV for D 2 O. 44 For this reason, we suspect that the energetic OX will lose its energy more easily to the H 2 O lattice than to the softer D 2 O lattice. The initially formed OD radical has greater initial energy (e.g., at 10 K, the averaged kinetic energy taken over the top four MLs is 0.263 eV, compared to 0.275 eV predicted from Eq. (3) and considering vibrational excitation of the OD fragment, see above), and OH less initial energy (e.g., at 10 K, the averaged kinetic energy taken over the top four MLs is 0.200 eV, compared to a predicted value of 0.147 eV). However, the hyperthermal OD fragment formed will transfer its energy more easily to the H 2 O lattice, which has higher frequency librations (up to 110 meV 44 ), than OH will transfer its energy to the softer D 2 O lattice, which has lower frequency vibrations (up to 84 meV 44 ). We speculate that these opposing trends explain why the photodesorption probabilities of OD from an H 2 O ice system and OH from a D 2 O ice system are similar. Higher initial energies of the OD radical upon D 2 O dissociation than the OH radical upon H 2 O dissociation and more efficient energy transfer from the OX radical to the H 2 O ice than to the D 2 O ice explain the trends observed in Fig. 3 . The comparison also suggests that the OX photodesorption probability is predominantly determined by the initial kinetic energy: averaged over T ice , the probability of the more energetic OD to desorb from H 2 O ice is somewhat larger than that of OH to desorb from D 2 O ice, even though energy should be more easily transferred to the harder H 2 O lattice.
C. X 2 O molecule photodesorption
The third photodesorption channel is X 2 O molecule photodesorption, which can occur through the direct desorption of the recombined X 2 O molecule or through the kick-out mechanism. 6, 7 In Fig. 4 the direct photodesorption probabilities of recombined X 2 O averaged over the top four MLs are plotted versus the ice temperature for the first four dissociation sce- narios listed in Sec. II C, using the same scale as for the other X 2 O photodesorption mechanism in Fig. 5 . For direct X 2 O desorption, no isotope effects are observed. If recombination of the fragments does occur in the top MLs, the produced molecule is highly energetic, and the recombined X 2 O molecule can still desorb. However, if the dissociation occurs deeper in the ice, the newly formed water molecule loses its energy upon collisions with other water molecules and the desorption of the recombined X 2 O molecule becomes unlikely due to strong interaction with the other water molecules. The fact that no isotope effects are observed in the direct photodesorption of X 2 O molecules suggests that in this mechanism the desorption probability is determined by the available excess energy upon recombination, which is very similar for H 2 O and D 2 O ice, which have very similar absorption spectra. On the other hand, isotope effects are rather noticeable if X 2 O desorbs from the ice surface through the kick-out mechanism (Fig. 5) . The kick-out mechanism is more likely to happen if D 2 O is initially excited. This can be explained by (2)) for each kick-out scenario are summarized in Table II . The kick-out mechanism is more likely to occur if the molecule that is initially excited and that neighbours the X 2 O molecule to be desorbed is a D 2 O molecule. (The condition that these molecules need to be close to each other is due to the high binding energy of X 2 O molecules to the surface ≈0.3 eV and the unfavorable mass ratio between even Datoms and X 2 O: D-or H-atoms that have already lost part of their kinetic energy through encounters with other X 2 O molecules will not be able to kick-out a surface X 2 O molecule.) This can be explained by the efficiency of the energy transfer in a collision of a hydrogen atom of unknown mass, but with high initial kinetic energy, to an X 2 O molecule in one of the topmost layers. The mass ratio between D and X 2 O is higher than the mass ratio between H and X 2 O, and therefore an energetic D atom can transfer its energy more efficiently to the neighbouring X 2 O molecule and cause it to desorb than an H atom with the same energy (Table II) .
A temperature effect on the photodesorption probabilities can be observed in Fig. 5 , as the kick-out probability rises with ice temperature (e.g., the average kick-out probabilities at 10 K are 0.13% and 0.56% if an H 2 O molecule or a D 2 O molecule is initially dissociated, respectively, and the average kick-out probabilities at 90 K are 0.42% and 1.30% if an H 2 O molecule or a D 2 O molecule is initially dissociated, respectively). We attribute the higher desorption probability to the higher kinetic energy the desorbing molecules may already have at higher ice temperatures prior to receiving a kick from the X photofragment.
In Fig. 6 the total X 2 O desorption probabilities are plotted, which are sums of the direct photodesorption probabilities and the kick-out probabilities. The total X 2 O photodesorption probabilities are largest for D 2 O* because the kickout mechanism is most efficient for D 2 O*, and the direct mechanism displays no isotope effects.
The photodesorption probabilities of oxygen containing species following X 2 O* photodissociation in X 2 O ice (Y X 2 O * /X 2 O ) can be calculated as the sum of the probabilities from Figs. 3 and 6, and summarized as follows:
The photodesorption of an oxygen containing species is most probable if D 2 O is dissociated in a D 2 O ice system, be- 
D. HOD photodesorption processes
Photodissociation of an HOD molecule can lead to two sets of products: D + OH and H + OD. The photodesorption processes of the HOD molecule are considered individually for both sets of dissociation products. The absorption spectra based on the Wigner distributions for the "HOD" and the "DOH" (see also Sec. II C) molecule in H 2 O ice at 10 K are shown in Fig. 7(b) for HOD molecules located in the top 5 MLs. In principle, the absorption spectrum of HOD should not depend on the choice of the Jacobi coordinates of the HOD molecule. However, since the total wavefunction of the vibrational ground state is approximated by a product of uncoupled wavefunctions (Eq. (5.19) in Ref. 35) , the motions of the OD and the OH vibrations are no longer coupled and the absorption spectra of HOD and DOH may differ slightly. The absorption spectrum of H 2 O ice is blueshifted by 1 eV 6, 45 relative to the absorption spectrum of gas-phase H 2 O. A similar blueshift is expected for the absorption spectrum of HOD in H 2 O ice. The maxima of the absorption spectra are 8.59 and 8.54 eV for the "HOD" and the "DOH" molecule, respectively. These results are then consistent with the maximum at 7.45 eV of the gas-phase HOD absorption spectrum computed by Van Harrevelt et al. 15 ( Fig. 7(a) ) and the blueshift noted. The computed absorption spectra for HOD in ice (Fig. 7(b) ) have a tail at the low-energy end of the spectrum, whereas the gas-phase HOD absorption spectrum (Fig. 7(a) ) has a tail at the high-energy end of the spectrum. The tail at the low-energy end of the absorption spectrum of HOD in ice is caused by excitation of HOD molecules in the first ML. These molecules have no other water molecules above them, therefore they resemble a gas-phase HOD molecule more closely than HOD molecules located in MLs 2-5. The blueshift in photon-absorption energy from gas-phase HOD to HOD in ice is therefore less pronounced for the HOD molecule in the first ML, thus introducing a tail at the low-energy end of the absorption spectrum. The partial absorption spectra of the trajectories that lead to photofragments H + OD and the ones that lead to D + OH for HOD in the gas-phase and in the ice display similar features.
To estimate the initial kinetic energies of the photofragments upon dissociation, we use the momentum and energy conservation laws described in Sec. III B. The initial energies of the OX (2) photofragments corresponding to X (1) OX (2) → OX (2) + X (1) are computed using Eq. (3) for X (1) = H or D and X (2) = H or D. The estimated energies of the photofragments are summarized in Table III.   TABLE III (2) In this section photodesorption probabilities are provided given that a specific dissociation reaction has occurred, rather than that a specific photo-excitation event has occurred (e.g., OH desorption probabilities given the HOD → D + OH reaction, rather than OH desorption probabilities given excitation of the HOD molecule). This issue did not exist in the previous sections because X 2 O only has one dissociation reaction: X 2 O → X + OX. The OX (2) radical photodesorption probabilities defined in this way and averaged over the top four MLs are plotted in Fig. 8 for dissociation scenarios 1, 3, 5, and 6. On a relative basis the photodesorption probabilities of the OH radical formed upon HOD photodissociation and the OD radical formed upon D 2 O photodissociation are much higher than those of the OD radical formed upon HOD photodissociation or the OH radical formed upon H 2 O photodissociation. This observation can be explained by the initial kinetic energies of the OX (2) radicals (see Table III ). The energy of the OX (2) radical resulting from dissociated DOX (2) is about twice the energy of the OX (2) if the dissociated molecule is HOX (2) . Therefore, on a relative scale, the photodesorption of the OX radical is much more likely if the dissociated molecule is DOX (2) than if it is HOX (2) . The MD simulations suggest that the isotope fractionation of OX through photodissociation of water in the ISM is influenced by photodesorption processes. Averaged over T ice , following initial dissociation of HOD into D + OH the OH radical is a factor 2.14 more likely to desorb from the ice surface than the OD radical following initial dissociation of (2) radical following X (1) OX (2) photodissociation in an H 2 O ice system (denoted in the legend as OX X (1) OX (2) HOD into H + OD (Fig. 8) . Also, the branching ratio H+OD D+OH of the HOD photodissociation reaction, which can be computed by integrating the H + OD and the D + OH partial absorption spectra, for HOD in ice is 2.20 at T ice = 10 K (see Fig. 7(b) ). HOD photodissociation branching ratios ( H+OD D+OH ) have been computed for each ice temperature and are summarized in Table IV . Also, the photodesorption ratios ( OD des OH des ) following the HOD photodissociation reaction have been calculated using
where P OD des (i, T ) is the OD photodesorption probability given the HOD dissociation reaction into H + OD in ML i at T = T ice , P OH des (i, T ) is the OH photodesorption probability given the HOD dissociation reaction into D + OH in ML i at T = T ice , and β(i, T) is the HOD photodissociation branching ratio H+OD D+OH in ML i at T = T ice . All OD des OH des ratios are also summarized in Table IV . On average, the HOD photodissociation reaction branching ratio in water ice is ∼2.2 and the photodesorption branching ratio following HOD photodissociation is equal to 1.0, with a standard deviation of 0.2. (To compute the latter two quantities, we have assumed the photodesorption branching ratio to be independent of T ice , i.e., we have assumed that the differences in the values for this quantity in Table IV reflect statistical uncertainties.)
One reason that the photodesorption ratio OD/OH computed here (1.0) is lower than the gas phase OH/OD photodissociation ratio (3.1, Table IV) is that in the ice surface the initial OH/OD photodissociation ratio (2.25 ± 0.01, Table IV) is much lower than the gas phase value (3.1). We attribute the lower value of the OH/OD photodissociation ratio in ice at least in part to caging effects. An important reason for the large ratio in gas phase photodissociation is kinematic: 43 in response to the repulsive forces experienced on the excited state intramolecular potential, the lighter H-atom is able to move faster towards the exit channel. However, in an ice matrix, much of the kinematic advantage the H-atom has over the D-atom may disappear due to caging effects: there may be trajectories in which the HDO molecule first recombines because the released atom rebounds from a surrounding water molecule. Here, the lighter H-atom would be at a disadvantage, i.e., it would be more likely to rebound and temporarily reform HOD than the heavier D-atom. The fact that we compute a larger average value (averaged over T ice ) for β(1) (2.31 ± 0.02) than for β(4) (2.22 ± 0.01) supports this argument, as caging should be less important in the topmost layer of the ice surface than in the bulk of the ice. However, electronic effects of the surrounding water molecules can also be important, as the presence of even one additional water molecule can lead to considerable changes in the shape of the potential energy surface of the excited water molecule. 47 Because OH photodesorption probabilities following HOD photodissociation are higher than those for OD, gaseous OH formation is favored if HOD photodissociation occurs in ice rather than in the gas-phase. The OD OH ratio in the gas-phase is therefore expected to be lower in dense clouds, where photodesorption of OX radicals from the ice may additionally affect this ratio, than in diffuse clouds where OX radical photodesorption from ice does not occur.
No isotope effects are observed on the photodesorption probabilities of recombined HOD molecules, as is the case for the photodesorption probabilities of recombined X 2 O molecules. The kick-out of surrounding H 2 O molecules (Fig. 9) does show isotope effects. The kick-out mechanism is more likely to occur if the D photofragment is formed, because the D atom transfers its momentum to the water molecules upon collisions more easily than the H atom does.
It can also be observed that, in most cases, the kick-out probability of an H 2 O molecule is slightly higher if the D atom is formed upon photodissociation of D 2 O than upon photodissociation of HOD. (We attribute the observation of the reverse order in magnitude at T ice = 90 K to statistical uncertainties in the calculations, as reflected in the overlapping error bars for this surface temperature). This observation can be explained from the initial kinetic energy of the D atom. The maximum of the partial absorption spectrum of the trajectories that lead to D + OH lies at 8.4 eV, whereas the maximum is at 8.6 eV for the D 2 O absorption spectrum. This can be explained by the zero-point energy of the OD vibration being lower than that of the OH vibration. Therefore, a larger fraction of the available energy can go to the D atom upon D 2 O photodissociation than upon HOD photodissociation. Also, the estimated fraction of the available energy which goes to the D atom upon HOD photodissociation into D + OH is 0.895E, whereas the energy of the D atom upon D 2 O photodissociation is 0.900E (see Table III ). This means that based on the mass ratio of the photofragments, on average, the D atom will receive 0.016 eV less energy if an HOD molecule is dissociated than if a D 2 O molecule is dissociated, taking E diss ≈ 5.4 eV. 15 These considerations indicate that the D atom initially receives less energy upon dissociation of HOD than upon dissociation of D 2 O, which explains the lower kick-out probabilities if the D atom is created upon photodissociation of HOD instead of D 2 O.
The X (1) atom photodesorption probabilities averaged over the top four MLs for dissociation scenarios 1, 3, 5, and 6 listed in Sec. II C are plotted versus T ice in Fig. 10 . The H atom photodesorption probability is larger than the D atom photodesorption probability. The averaged H atom photodesorption probability following HOD or H 2 O dissociation in H 2 O amorphous ice over all T ice is 58.5% and 58.8%, respectively, whereas the averaged D atom photodesorption probability following HOD or D 2 O dissociation in H 2 O amorphous ice is 54.0% and 55.3%, respectively. The H atom desorption probabilities are very similar upon HOD and H 2 O dissociation, however the D atom photodesorption probability is in each case slightly lower if HOD is dissociated than if D 2 O is dissociated. This might be a manifestation of the somewhat lower initial kinetic energy that the D atom receives upon HOD dissociation than upon D 2 O dissociation.
The difference in H atom and D atom photodesorption probabilities can be explained by the mass ratio between the X (1) atom and the water molecules (Sec. III A). The mass ratio between the D atom and the H 2 O ice is higher than the mass ratio between the H atom and the H 2 O ice, which means that the energy transfer from the D atom to the ice is more efficient than from the H atom to the ice. As a result, the D atom loses more energy to the ice leading to a lower D atom photodesorption probability relative to the H atom. The photodesorption probability of oxygen containing species is most probable if the D atom is formed upon dissociation of the X (1) OX (2) molecule, as can be seen in Fig. 11 . The initial kinetic energy of the OX (2) radical is larger if the X (1) atom is D, which leads to higher OX desorption probabilities. Also, the D atom transfers momentum more easily to a surrounding H 2 O molecule than an H atom does, leading to higher kick-out photodesorption probabilities.
IV. CONCLUSIONS
In this work we have carried out MD calculations on photodissociation of X 2 O (X = H,D) molecules in X 2 O (X = H,D) amorphous ice and HOD molecules in H 2 O amorphous ice after UV photon excitation to the first electronically excited state in order to investigate the isotope effects on the associated photodesorption processes. Isotope effects are observed for X atom photodesorption, OX radical photodesorption, and also for the X 2 O molecule photodesorption through the kick-out mechanism, whereas no isotope effects are observed for the direct photodesorption process of the recombined X 2 O or HOD molecule.
The OX radical photodesorption probability is larger if a DOX molecule is dissociated than if an HOX molecule is dissociated. If an HOD molecule is dissociated into D + OH, the OH radical photofragment is, averaged over the top four MLs and all ice temperatures, about a factor 1.8 more likely to desorb from an H 2 O ice system than the OH radical formed upon dissociation of an H 2 O, whereas if an HOD molecule is dissociated into H + OD, the OD is about a factor 2.3 less likely to desorb from an H 2 O ice surface than the OD radical formed upon D 2 O photodissociation. This is the case because the initial kinetic energy of the OX radical is much larger (about a factor 1.9) if the dissociating molecule is DOX than if it is HOX. Also, the OX radical photodesorption probability is larger if the ice system is D 2 O. This observation can be explained by more efficient energy transfer from the OX radicals to the H 2 O ice system, which has higher libration frequencies, than to the D 2 O ice system. Averaged over T ice , the OH radical photodesorption probability following HOD dissociation into D + OH is about a factor 2.14 larger than the OD radical photodesorption probability following HOD photodissociation into H + OD. Also, the branching ratio of the HOD photodissociation reaction H+OD D+OH in the ice is ∼2.2, which is lower than that for the gasphase HOD photodissociation reaction, which is estimated to be ∼3.1. Thus, relative to gas-phase photodissociation of HOD, the gaseous OH radical becomes more likely to be formed and the gaseous OD radical becomes less likely to be formed if the photodissociation event occurred in the ice. These observations suggest that the OD(g) OH(g) ratio in the ISM could be different for dense and diffuse clouds, as ice should be present in the former, but not in the latter.
The kick-out mechanism, by which an X 2 O molecule desorbs from the surface through a kick of an energetic X atom, is more likely to occur if D atoms are formed through D 2 O or HOD photodissociation than if H atoms are formed upon H 2 O or HOD photodissociation, since D atoms can transfer their energy more easily to X 2 O molecules in the ice than H atoms can. Whether the ice is made from H 2 O or D 2 O molecules does not influence the kick-out probabilities greatly. However, the kick-out probability does rise with increasing ice temperatures, which we attribute to the water molecules having more kinetic energy at higher ice temperature and thus needing less energy to be transferred from the X photofragment upon a collision to be able to desorb.
The X atom photodesorption probability is larger if the H atom is formed upon HOD or H 2 O photodissociation than if a D atom is formed upon HOD or D 2 O photodissociation. H atoms desorb more easily from the surface than D atoms, because H atoms have higher initial kinetic energies than D atoms. Moreover, D atoms transfer their energies more easily to the surrounding water molecules than H atoms do. The D atom photodesorption probability averaged over all the considered ice temperatures following dissociation of the excited molecule in one of the top four MLs is about a factor 0.9 times the H atom photodesorption probability.
